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SYNDUCIN MEDIATED MODULATION OP TISSUE REPAIR 
Background of the Invention 

This invention is generally in the area of 
modulation wound repair using a peptide inducer of 
syndecan expression. 

The United States government has rights in 
this invention by virtue of National Institutes of 
Health grants K08AR01874 to Richard Gallo and R01 
CA28735, R37 HD06763 and P30 HL46491 to Merton 
Bernf ield. 

Complex cellular behaviors such as those 
resulting in wound repair are influenced by a 
variety of soluble growth factors, cytokines, and 
insoluble extracellular matrix components. To 
exert their effects, many of these effector 
molecules must bind to the heparan sulfate chains 
that are at the surface of nearly all adherent 
cells (Ruoslahti and Yamaguchi, Cell, 64:867 
(1991)). For example, interaction with cell 
surface heparan sulfate is required for cells to 
respond to the growth factors FGF-2 (Rapraeger, et 
al., Science, 252:1705 (1991); Yayon, et al. Cell, 
64:841 (1991)) and HB-EGF (Higashiyama, et al., J . 
Cell Bio., 122:933-940 (1993)), and to the matrix 
component fibronectin (Guan, et al. Cell Reg., 
2:951 (1991); Woods, et al., Molec. Biol. Cell, 
4:605 (1993)). Indeed, Guan, et al. (1991); 
Bernf ield, et al., in Annu. Rev. Cell Biol., G.E. 
Palade, B.M. Alberts, J. A. Spudich, Eds. (Annual 
Reviews Inc., Palo Alto, CA, 1992), 8:365-393); 
Jalkanen, et al., Trends in Glyco-acience and 
Glycotech, 5:107 (1993); G. David, FASEB J., 7:0123 
(1993); and A.C. Rapraeger, Curr. Qpin. Cell Biol., 
5:844 (1993)) have proposed that cell surface 
heparan sulfate, which is derived mostly from the 



four members of the syndecan family of 
transmembrane proteoglycans {G. David, et al., J". 
Cell Biol., 111:3165 (1990)), acts together with 
specific signaling receptors to mediate the 
cellular response to such effectors. Changes in 
the abundance of cell surface heparan sulfate 
probably regulates the action of these effector 
molecules, yet it is not known how the amount of 
heparan sulfate at the cell surface is controlled. 

Cell surface heparan sulfate mediates the 
activity of several growth factors, extracellular 
matrix components, proteases and other cellular 
effectors involved in wound repair. Syndecan- 1, a 
major transmembrane heparan sulfate proteoglycan, 
is induced transiently on mesenchymal cells during 
the repair of skin wounds. Accordingly, induction 
of syndecan- 1 can influence this process. 
Syndecan- 1 induction can trigger cellular behaviors 
such as proliferation and migration that are 
involved in wound repair due to its ability to bind 
and thus augment the action of heparin-binding 
growth factors, including FGF-2, HB-EGF, and PDGF- 
AB, each found in repairing wounds. Cell surface 
syndecan- 1 can also bind fibronectin, 
thrombospondin, tenascin and the fibrillar 
collagens. Accordingly, its induction can 
contribute to the effects of these extracellular 
matrix components that are involved in wound 
repair. Thus, the induction of syndecan-1 by PR-39 
may mediate growth factor responsiveness and the 
changes in cell proliferation, migration, and 
adhesion that must take place for wound repair to 
proceed. 

The expression of syndecan-1 is highly 
regulated in vivo. In mature tissues, syndecan-1 
is expressed on the surface of epithelial cells but 
not on the surface of mesenchymal cells (K. 



Hayashi, et al., J. Hietochem. Cytochem., 35:1079 
(1987)). However, during cutaneous wound repair in 
the mouse, syndecan-1 is lost from the surface of 
the epithelial cells migrating into the wound and 
is induced on the dermal endothelial cells and 
fibroblasts of the forming granulation tissue (K. 
Elenius, et al., J. Cell Biol., 114:585 (1991)). 
These changes resemble those occurring during 
embryonic tissue interactions: syndecan-1 is lost 
from epithelia undergoing changes in shape while it 
is induced on their associated mesenchymal cells 
(Trautman, et al.. Development, 111:213 (1991)). 
Thus, in both wound repair and morphogenesis , 
situations that correspond with changes in 
expression of several potential ligands, including 
growth factors, matrix components, proteases and 
protease inhibitors, mesenchymal cells are induced 
to increase syndecan- 1 at their surfaces. 

It is therefore an object of the present 
invention to provide a method and means for 
modulating tissue repair and other cellular 
processes involving heparan sulfate binding to 
ligands through inducement of syndecan expression. 

It is a further object of the present 
invention to provide methods and composition for 
modulating wound repair and healing in a cell 
specific manner. 

Summary of the Invention 

An activity that induces syndecan 
expression (synducin) was found to be present in 
the fluid derived from skin wounds only during the 
early phase of wound repair, but not in several 
other biological fluids or with several growth 
factors and cytokines. Induction of cell surface 
syndecans is restricted to confluent cells of 



1 I 

WO 96/09322 PCT/US95/12080 

4 

mesenchymal origin and is accompanied by increased 
syndecan-1 and -4 mRNA levels, stability at the 
cell surface and reduced glycosylation. The 
membrane permeating antibacterial peptide, PR-39, 
5 previously found only in the intestine, was 

purified from wound fluid and shown to possess this 
inductive activity. This newly recognized function 
for an antimicrobial peptide indicates that a 
molecule with both antimicrobial and syndecan 

10 inductive activities is deposited in wounds where 
it can simultaneously reduce infection and 
influence the action of growth factors, matrix 
components, and other cellular effectors involved 
in tissue repair. 

15 Synducins, including PR-39, and derivatives 

thereof, as well as other proline and arginine-rich 
antimicrobial peptides, collectively referred to 
herein as "synducins 11 are therefore useful in the 
modulation of wound healing, as well as other 

20 disorders involving mesenchymal cells and ligand 
interactions with cell surface heparan sulfate, 
including metastatic disease, angiogenesis, 
restenosis, stasis or decubitis ulcers, and 
prevention of keloids, 

25 Brief Description of the Drawings 

Figure 1A is a graph of cell surface 
syndecan- 1 (mOD/min/pcg protein) as a function of 
wound fluid preparation concentration (mg/ml) 
showing that induction of cell surface syndecan-1 
30 is dependent on wound fluid concentration and cell 
density, for post-confluent (open squares) or 50% 
confluent (closed circles) NIH 3T3 cells. 

Figure IB is a graph of cell surface 
syndecan-1 (mOD/min) over time (hours) showing that 
35 wound fluid stabilizes induced syndecan-1 at the 
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cell surface of post -confluent NIH 3T3 cells. 
Post -confluent NIH 3T3 cells were cultured in 
medium containing the wound fluid preparation (400 
fig protein/ml), for the time periods indicated (20, 
5 40, 60, 80, and 100 hrs) and then assayed by ELISA. 
At 60 hours some wells (open squares) were rinsed 
once with medium and fresh medium without wound 
fluid added prior to assay. 

Figure 2A is a northern blot and Figure 2B 

10 is a graph of syndecan mRNA levels in NIH-3T3 cells 
as a function of time after culture with the wound 
fluid preparation (400 /ig/ml) showing that 
syndecan- 1 and -4 are specifically induced. 

Figure 3 A is a graph of syndecan- 1 

15 (mOD/min) versus concentration of PR- 3 9 (/iM) 

showing that synthetic PR- 3 9 induces syndecan- 1 in 
a dose dependent manner. Data represent the mean 
of triplicate determinations ± SD of a single 
experiment representative of two experiments. 

20 Figure 3B is a graph of syndecan mRNA 

levels after culture of NIH-3T3 cells with 

« 

synthetic PR- 3 9 (1 jiM) for 24 hours. 

Figure 4 is a graph showing uptake of PR- 3 9 
by NIH-3T3 cells. The percent of radioactive PR- 3 9 

25 (in cpm) specifically associated with the cells is 
plotted versus time of incubation until radioactive 
PR-39 (in minutes) , showing that PR-39 is rapidly 
taken up by cells and reaches a saturation point. 
Figure 5 is a graph of endothelial cell 

30 (SVEC) proliferation being inhibited by PR-39 and 
Bac-7, graphing thymidine incorportion (cpm x 
100,000) against fiJA peptide, Bac-7 (squares) and 
PR-39 (diamonds) . 

Figure 6 is a graph showing human 

35 microvascular endothelial cells assayed for 

syndecan-l when treated with 5% wound fluid, 1 mM 
dbcAMP, 10 fM mouse homolog, 10 /xM BAC-7, 10 fxM PR- 



i 



RECTIFIED SHEET (RULE 91) 

ISA/EP 



39, 10 ng TNA-a/ml , 10 ng VEGF/ml, and 100 ng 
PDGFAA/ml . 

Detailed Description of the Invention 

It has been discovered that a 39 amino acid 
peptide, PR-39, and biologically active derivatives 
thereof, as well as other proline and arginine-rich 
antimicrobial peptides induce syndecan-1 and -4 
expression in mesenchymal cells. These peptides 
are collectively referred to herein as "synducin" 
unless otherwise noted . Methods for formulating 
pharmaceutical compositions and uses thereof in 
modulating the tissue healing response and 
management of various disorders and diseases based 
on this discovery have been developed. 
Proline and Arginine-rich Antimicrobial Peptides 

symuciN 

PR- 3 9 is the 39 amino acid sequence shown 
in Sequence ID No. 1, Arg Arg Arg Pro Arg Pro Pro 
Tyr Leu Pro Arg Pro Arg Pro Pro Pro Phe Phe Pro Pro 
Arg Leu Pro Pro Arg lie Pro Pro Gly Phe Pro Pro Arg 
Phe Pro Pro Arg Phe Pro. The specific peptide can 
be substituted using conservative substitutions of 
amino acids having the same or functionally 
equivalent charge and structure, except for the 
amino acid sequence Arg Arg Arg at the N-terminus 
and the amino acid sequences Pro Pro X X Pro Pro X 
X Pro and Pro Pro XXX Pro Pro X X Pro, where X is 
any amino acid (Sequence ID No. 1) . 

Other Antibacterial Peptides 
Other antibacterial peptides that are 
proline and arginine rich that also induce 
syndecan-1 and -4 expression include Bac-5 
(Sequence ID No. 2), Bac-7 (Sequence ID No. 3), and 
portions thereof. Another peptide that was tested 
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that was not effective was a mouse antimicrobial 
peptide, Sequence ID No. 4 . 
Modified Peptides 

Although described with reference to the 
5 specific amino acid sequences, the peptide could be 
part of a fusion protein, immobilized to an inert 
substrate, or targeted using a specific ligand, or 
a part of a longer protein. These peptides are 
collectively referred to herein as "synducin" and 

10 are characterized by the biological activity 
further described in the following examples: 
specific inducement of syndecan-1 and syndecan-4 
expression on the surface of mesenchymal cells, 
specific inducement of syndecan-1 and syndecan-4 

15 mRNA within the cells, increase in level of cell 
surface heparan sulfate, and rapid uptake into 
mesenchymal cells to a saturation level. 

Peptides are currently used as 
pharmaceuticals. These can be stabilized to extend 

20 half -lives in vivo by chemical modification of the 
amino acids or by attachment to a carrier molecule 
or inert substrate. For example, the peptide can 
be conjugated to a carrier protein such as albumin 
by its N- terminal cysteine by standard procedures 

25 such as the commercial Imject kit from Pierce 

Chemicals or expressed as a fusion protein, which 
may have increased efficacy. Alternatively, 
peptides containing cyclopropyl amino acids, or 
amino acids derivatized in a similar fashion, can 

30 also be used. These peptides retain their original 
activity but have increased half-lives in vivo. 
Methods for modifying amino acids, and their use, 
are known to those skilled in the art, for example, 
as described in U.S. Patent No. 4,629,784 to 

35 Stammer. 

The synducin peptide can be synthesized 
using standard amino acid synthetic techniques. An 
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example is the solid phase synthesis described by 
J. Merrifield, 1964 J. Am, Chem. Soc. 85, 2149, 
used in U.S. Patent No. 4,792,525, and described in 
U.S. Patent No. 4,244,946, wherein a protected 
5 alpha-amino acid is coupled to a suitable resin, to 
initiate synthesis of a peptide starting from the 
C-terminus of the peptide. Other methods of 
synthesis are described in U.S. Patent Nos. 
4,305,872 and 4,316,891, the teachings of which are 

10 incorporated herein. These methods can be used to 
synthesize peptides having identical sequence to 
the receptor proteins described herein, or 
substitutions or additions of amino acids, which 
can be screened for activity as described above. 

15 PR-39 can also be obtained from Magainin, 

Inc. of Plymouth Meeting, PA. 
PHARMACEUTICAL PREPARATIONS 

The synducin can be administered 
systemically, topically, or locally. The peptide 

20 can be administered as the peptide or as a 

pharmaceutical ly acceptable acid- or base- addition 
salt, formed by reaction with inorganic acids such 
as hydrochloric acid, hydrobromic acid, perchloric 
acid, nitric acid, thiocyanic acid, sulfuric acid, 

25 and phosphoric acid, and organic acids such as 

formic acid, acetic acid, propionic acid, glycolic 
acid, lactic acid, pyruvic acid, oxalic acid, 
malonic acid, succinic acid, maleic acid, and 
fumaric acid, or by reaction with an inorganic base 

30 such as sodium hydroxide, ammonium hydroxide, 
potassium hydroxide, and organic bases such as 
mono-, di-, trialkyl and aryl amines and 
substituted ethanolamines . 

Suitable pharmaceutical vehicles are known 

35 to those skilled in the art. For parenteral 
administration, the compound will usually be 
dissolved or suspended in sterile water or saline. 



WO 96/09322 PCT/US95/12080 

9 

For enteral administration, the compound will be 
incorporated into an inert carrier in tablet, 
liquid, or capsular form. Suitable carriers may be 
starches or sugars and include lubricants, 
5 flavorings, binders, and other materials of the 
same nature. 

The compounds can be administered topically 
by application of a solution, cream, gel, or 
polymeric material (for example, a Pluronic™, 
10 BASF) . 

Alternatively, the compound can be 
administered in liposomes or microspheres (or 
microparticles) , which can be injected for local or 
systemic delivery. Methods for preparing liposomes 

15 and microspheres for administration to a patient 

are known to those skilled in the art. U.S. Patent 
No. 4,789,734 describe methods for encapsulating 
biological materials in liposomes. Essentially, 
the material is dissolved in an aqueous solution, 

20 the appropriate phospholipids and lipids added, 
along with surfactants if required, and the 
material dialyzed or sonicated, as necessary. A 
review of known methods is by G. Gregoriadis, 
Chapter 14. "Liposomes", Drug Carriers in Biology 

25 and Medicine pp. 287-341 (Academic Press, 1979) . 
Microspheres formed of polymers or proteins are 
well known to those skilled in the art, and can be 
tailored for passage through the gastrointestinal 
tract directly into the bloodstream. 

3 0 Alternatively, the compound can be incorporated and 
the microspheres, or composite of microspheres, 
implanted for slow release over a period of time, 
ranging from days to months. See, for example, 
U.S. Patent No. 4,906,474, 4,925,673, and 

35 3,625,214. 

Based on the following in vitro studies, an 
effective concentration of peptide is between 0.1 



10 

and 1.0 micromolar for systemic administration and 
between 0.2 and 5.0 micromolar for topical 
administration. These ranges are well within the 
effective concentrations for the in vivo 
administration of peptides, based on comparison 
with the RGD- containing peptides, described, for 
example, in U.S. Patent No. 4,792,525 to Ruoslahti, 
et al., used in vivo to alter cell attachment and 
phagocytosis. 

CLINICAL APPLICATIONS 
Synducin induces the expression of 
syndecan-1 and syndecan-4 on the surface of 
mesenchymal cells, especially fibroblasts and 
endothelial cells. The syndecans are a family of 
heparan sulfate proteoglycans that are present on 
the surface of cells. The amount and type of cell 
surface syndecan is specifically regulated during 
development and wound repair. Cells require this 
heparan sulfate in order to respond to components 
in their environment such as growth factors, 
extracellular matrix molecules, proteases and 
protease inhibitors. Thus the amount and type of 
syndecan at the cell surface appears to determine 
the behavioral response of cells in their 
environment . 

The molecules that interact with the 
syndecans have known in vivo effects: basic 
fibroblast growth factor (bFGF) accelerates wound 
repair and angiogenesis, as reported by McGee, et 
al., J. Surg. Res. 45, 145-153 (1988) and 
Salmivirta, et al., J. Biol. Chem. 267(25), 17606- 
17610 (1992); platelet derived growth factor (PDGF) 
induces vascular restenosis and angiogenesis; and 
vascular endothelial growth factor (VEGF) induces 
angiogenesis. Extracellular matrix components have 
similarly known effects: both fibronectin 
fragments and laminin fragments are anti-metastatic 
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and are known to bind syndecans, as described by 
Saunders and Bernfield, J. Cell, Biol. 106:423-430 
(1988); Elenius, et al. J. Biol. Chem. 265:17837- 
17843 (1990) . Protease inhibitors such as 
5 antithrombin III are known anticoagulants that 

require heparin or heparan sulfate for activity, as 
described by Rosenberg, R.D. and Damus P.S., J". 
Biol. Chem. 248:6490-6505 (1973). 

Accordingly, clinical applications in which 

10 administration of synducin is beneficial include 
the treatment of stasis ulcers, for example, 
resulting from diabetes, and decubitus ulcers, as 
from chronic pressure in bedridden patients, 
preventing keloids in repairing wounds or treating 

15 keloids directly, all by promoting fibroblast and 
connective tissue growth; treatment of skin burns 
by accelerating re-epithelization; treating 
ischemic tissues, including hearts following 
coronary occlusion and limbs after vascular 

20 blockade, by promoting neovascularization; 

preventing metastases of carcinomas by augmenting 
the connective tissue response; direct treatment of 
sarcomatous growth and metastasis; treatment of 
hypercoagulation states, including disseminated 

25 intravascular coagulation following sepsis. 
Further support for the role of increasing 
syndecan-1 expression is found by reference to the 
literature relating to syndecan-1. For example, 
Sanderson, et al., J. Biol. Chem. 269(18), 13100- 

3 0 13106 (1994) reports on how the fine structure of 
heparan sulfate regulates syndecan-1 function and 
cell behavior; Jalkanen, et al., Trends Glycosci. 
Glycotechnol . 5(22), 107-120 (1993) and Adv. Exp. 
Med. Biol. 313, 79-85 (1992) report that syndecan 

35 selectively binds extracellular effector molecules 
and regulates cell morphology and growth factor 
action at the cell-matrix interface; Bernfield, J. 
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Cell. Biochem. Suppl. 17 part E, (1993) reviews the 
role of the syndecans as co- receptors for matrix 
and growth factors in development and wound repair; 
Inki, et al., Eur. J. Cell Biol. 63(1), 43-51 
(1994) , reports that malignant transformation of 
keratinocytes is associated with a marked reduction 
of syndecan-1 expression in squamous cell 
carcinomas. 

Synducin administration will be determined 
using the judgment of the attending physician and 
the type of disorder. For example, if the 
condition occurs locally, sufficient synducin to 
achieve the desired effect locally will be 
administered. If the condition is systemic, for 
example, prevention of metastases or treatment of 
ischemic damage, then the synducin is administered 
systemically . The synducin will typically be 
administered alone or in combination with other 
molecules that are regulated by binding to cell 
surface syndecans, such as FGF-2, PDGF, VEGF, and 
HB-EGF. 

In an alternative embodiment, endogenous 
synducin can be inhibited from inducing syndecan 
expression. This can be effectively achieved using 
an inhibitor of synducin activity, an antibody 
against synducin, or an inhibitor of synducin 
expression. Inhibitors can be peptides which 
penetrate into cells to compete with the effect of 
endogenous synducin (as determined using the assays 
in the examples below) , antisense binding to the 
gene expressing the endogenous synducin, and 
organic molecules which would inhibit expression. 
Antisense can be made using conventional techniques 
based on the codons known to encode the amino acids 
forming the synducin amino acid sequence. 
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The present invention will be further 
understood by reference to the following non- 
limiting examples. 

Example 1: Determination that cell surface 

syndecan-1 is induced by a component 
of wound fluid. 

An in vitro cell culture system was used to 
explore the mechanism by which cell surface 
syndecans is induced. NIH 3T3 cells grown to 
confluence in serum- containing medium were exposed 
to potential inducers and then evaluated by EL ISA 
for the amount of cell surface syndecan-1. 

Syndecan-1 at the cell surface was 
determined on cells cultured in 96 well tissue 
culture plates by washing the cells once in Tris 
buffered saline (TBS) (10 mM Tris, 150 mM NaCl, pH 
7.4), fixing 30 min in 2% HEPES-buf f ered 
paraformaldehyde, pH 7.4, rinsing three times in 
TBS and incubating the cells for 30 min in TBS, 
0.1% BSA, 5% goat serum. Cells were incubated for 
1 hr at room temperature with 5 fig /ml mAb 281-2 
(specific for extracellular domain of syndecan-1 
core protein) (M. Jalkanen, H. Nguyen, A.C. 
Rapraeger, N. Kurn, M. Bernfield, J. Cell Biol., 
101:976 (1985)) or non-specific rat IgG 2A (Zymed, 
San Francisco, CA) . Cells were then rinsed 3X5 
min with TBS, incubated with alkaline phosphatase 
conjugated goat anti-rat antibody (Caltag, San 
Francisco, CA) for 30 min, rinsed 3X5 min with 
TBS, and alkaline phosphatase activity determined 
by measuring the absorbance at 405 nm of a 1 mg/ml 
solution of p-nitrophenolphosphate (Sigma, St. 
Louis, MO) in 10 mM Tris, 100 mM NaCl, 5 mM MgCl pH 
9.5. Linear rates of absorbance change over time 
were determined by an automated microplate reader 
(Molecular Devices, Menlo Park, CA) . Cells were 
then rinsed 3X with TBS and cellular protein 
determined by solubilizing cells in individual 
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wells with 20 fil of 0.1 N NaOH followed by protein 
determination (BCA protein assay, Pierce, Rockford, 
ID • 

This assay was shown to measure the amount 
of cell surface syndecan-1 accurately by comparing 
it with results obtained by removing cell surface 
syndecan-1 quantitatively from cells in duplicate 
wells (20 /ig/ml trypsin at 4°C for 10 min) , and 
measuring the released syndecan-1 by 
radioimmunoassay. These measurements correlated 
strongly over the range of syndecan-1 detected in 
this study (r - 0.96), confirming that the EL ISA 
assay provides a quantitative assessment of cell 
surface syndecan-1. 

Wound fluid was collected in vinyl chambers 
(P. A. Medical Corp., Columbia, TN) attached 
aseptically over 1.2 mm deep partial thickness 
wounds created on the skin of three to four month- 
old Yorkshire pigs. Each chamber received 1 ml of 
sterile 0.9% NaCl containing penicillin G and 
streptomycin as previously described (K.l Breuing, 
E. Eriksson, P. Liu, D.R. Miller, J. Surg. Res., 
52:50 (1992). At 24 hr intervals the fluid within 
the chamber was removed, passed through an 0.45 /im 
sterile filter and the chamber and saline solution 
replaced. Animal care was done in accordance with 
institutional guidelines. 

Of a variety of biological fluids and 
growth factors, only porcine wound fluid collected 
during the early phase of wound repair 
(approximately the first six days), FGF-2, and 
PDGF-AB increased cell surface syndecan-1 (each 
approximately three to four-fold after 48 hr 
culture) . Treatment with FGF-2 and PDGF-AB also 
increased cell number by about two- fold. However, 
a wound fluid preparation after passage through a 
heparin- sepharose column to remove heparin-binding 
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factors such as PDGF, FGF-2 and HB-EGF, caused no 
detectable change in cell number, cell protein or 
morphology, but retained its syndecan-1 inductive 
activity. Therefore, an inductive activity not 
5 duplicated by several other biological fluids or 
growth factors was detected in the fluid released 
during wound repair. 

Example 2: Determination of effect of 

concentration and cell density on 
10 syndecan induction response to wound 

fluid. 

Syndecan-1 induction in vivo is in 
condensed mesenchymal cells which show increased 
syndecan-1 mRNA levels and reduced syndecan-1 

15 glycosylation (Bernfield, et al., (1992)). Thus, 
experiments were performed to evaluate the 
inductive response of cells to the wound fluid 
preparation. 

Figures 1A and B demonstrate induction of 

20 syndecan-1 expression by wound fluid. Figure 1A 

shows that induction of cell surface syndecan-1 is 
dependent on wound fluid concentration and cell 
density. Post -confluent (open squares) or 50% 
confluent (closed circles) NIH 3T3 cells were 

25 treated for 24 hours with culture medium (DMEM, 

Mediatech, Washington, D.C. with 4.5 gm/L glucose, 
10% defined bovine serum, Hyclone, Logan, UT, 
penicillin and streptomycin) containing the 
indicated concentrations (0.1 to 0.7 mg/ml) of 

3 0 wound fluid after passage through heparin- 

sepharose, then assayed for cell surface syndecan-1 
by ELISA. Data are normalized for total cellular 
protein per well (7 /xg/well for confluent and 4 
/xg/well for subconfluent cells) and represent the 

35 mean of triplicate determinations ± 3D of a single 
experiment representative of three experiments. 

Figure IB shows that wound fluid stabilizes 
induced syndecan-1 at the cell surface. Post- 
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confluent NIH 3T3 cells were cultured in medium as 
described above, containing the wound fluid 
preparation (400 /xg protein/ml) , for the time 
periods indicated and then assayed by ELISA. At 60 
hours some wells (open squares) were rinsed once 
with medium and fresh medium without wound fluid 
added prior to assay. Data represent the mean of 
triplicate determinations ± SD of a single 
experiment representative of two experiments. 

Figure 2 demonstrates that wound fluid 
increases syndecan-1 and -4 transcript 
accumulation. Total RNA was extracted from post- 
confluent cultures of NIH 3T3 cells at zero, six, 
ten, 24 and 48 hrs after culture in medium 
containing the wound fluid preparation (400 fig 
protein/ml) . Equal amounts of RNA, approximately 
20 /xg, were analyzed by separation on a 1% agarose 
formaldehyde gel, transfer to GeneScreen Plus™ 
membrane (DuPont-New England Nuclear) , and 
hybridization to random primer labeled mouse 
syndecan-1 full-length cDNA or the 800 bp Pst I 
fragment of murine /?-actin RNA at 65 °C in Quick 
Hyb™ Solution (Stratagene, La Jolla, CA) per 
manufacturer's instructions. Subsequent washing 
was in 2X SSPE, 0.1% SDS for 2 X 15 min at room 
temperature, and in 0.2 X SSPE, 0.1% SDS, 2 X 15 
min at 55 °C. The membrane was then stripped and 
rehybridized with a murine /3-actin probe. 
Autoradiograms were exposed for 8 h and 2 h for 
syndecan-1 and j3-actin respectively. 

The results show that syndecan-1 and -4 are 
induced within six to ten hours following exposure . 

The results demonstrate that post -confluent 
NIH 3T3 cells responded in a dose -dependent manner, 
reaching maximal syndecan-1 induction at 
approximat ly 300 iig/ml of th e crude wound fluid 
preparation (Figure 1A) . However, at 50% 
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confluence, the cells expressed lower baseline levels 
of syndecan-1 and failed to be induced (Figure 1A) . 
This lack of response was also seen in subconfluent 
cells growth-arrested by either 12,500 rads gamma 
5 irradiation or treatment with mitomycin C. The 

kinetics of induction by the wound fluid preparation 
showed that cell surface syndecan-1 increased nearly 
linearly for 60 hours and then plateaued at 
approximately three -fold (Figure IB) . Replacing the 

10 medium at 24 hour intervals with fresh medium 

containing the wound fluid preparation caused the 
same rate and extent of induction. However, when 
medium containing the wound fluid preparation was 
replaced with fresh medium alone, cell surface 

15 syndecan-1 was lost rapidly with a half -life of about 

1.5 hours. 

Example 3: Selectivity of Response of Cell Surface 

Molecules to Wound Fluid Factor. 

The induction was accompanied by significant 

20 changes in syndecan-1 and syndecan-4 mRNA amount and 

core protein glycosylation, but also with minor 

changes in other cell surface and secreted proteins. 

Total RNA, the syndecan-1 extracellular domain 

released by trypsin, and proteins at the cell surface 

25 or secreted into the medium, were analyzed from cells 

treated with wound fluid. Northern blot analysis 

shown in Figure 2A demonstrates an increase in both 

2.6 and 3.4 kb syndecan-1 transcripts and 2.6 kb 
syndecan-4 as early as six hours after exposure to 

30 the wound fluid preparation, reaching a maximum of 
about 3.5-fold and 15-fold induction, respectively, 
after 24 hours as shown in Figure 2B. Syndecan-2 and 
syndecan-3 were not induced. No apparent differences 
were noted in proteins labeled by cell surface 

35 iodination with lactoperoxidase on 10% PAGE and 

differences only in bands at about 160,000 and about 
35,000 Da were 
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seen in conditioned media proteins following 35 S- 

methionine labeling. These observations suggest 

that the response to induction by the wound fluid 

preparation is relatively selective when compared 

to the cellular response to mitogenic factors known 

to be present in untreated wound fluid. 

Example 4: Selectivity of Wound Fluid Factor as 

to Cell Type. 

A variety of cell types were cultured to 
confluence and tested for induction of cell surface 
syndecan-1 by the wound fluid preparation. All 
post -confluent cells of mesenchymal origin tested, 
including five independently prepared cultures of 
primary mouse dermal and embryonic fibroblasts, NIH 
3T3, Swiss 3T3, and C3H 10T1/2 fibroblasts, Balb/c 
3T3 endothelioid cells, and capillary endothelial 
cells, responded to the wound fluid preparation 
with an increase in cell surface syndecan-1. On 
the other hand, all non-mesenchymal cells tested, 
including the cerebellar cell line C17 and a 
variety of epithelia, including NMuMG mammary, 
NMuLI hepatic, primary mouse keratinocyte, and 
keratinocyte cell lines (Balb MK, BK-1, PAM 212), 
failed to respond. 

Therefore, wound fluid influenced multiple 
aspects of syndecan expression, including abundance 
and half -life at the cell surface, increased 
syndecan-1 mRNA, and decreased extent of 
glycosylation. These changes are similar to those 
of syndecan in mesenchymal cells during 
differentiation and embryonic tissue interactions. 
Furthermore, the time of appearance and mesenchymal 
cell selectivity of the inductive activity in wound 
fluid duplicate the induction of syndecan-1 
observ d in repairing wounds in vivo, as reported 
by Elenius, et al., (1991), indicating that the 
factor (s) responsible for induction in the in vitro 
system are also significant in vivo. 
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Example 5: Purification of Syndocan-1 and -4 

inductive Activity. 

To purify the syndecan-1 inductive 

activity, fluid pooled from day one to six wounds 

5 was partially purified by precipitation at pH 4.0, 

which removed 75% of total protein but less than 

10% of the inductive activity. 

Syndecan-1 inductive activity was then 

further purified by a combination of cation 

10 exchange chromatography and reversed phase HPLC. 

For cation exchange chromatography, the supernatant 
from an overnight 4°C incubation of wound fluid at 
pH 4.0 was dialyzed to 20 mM Tris, 100 mM NaCl, pH 
7.4, and applied to a 16 x 150 mm Toyopearl™ SP650S 

15 column (Tosohaas, Philadelphia, PA) . After 

extensive washing with 0.2 M NaCl, activity was 
eluted with a linear NaCl gradient. Syndecan-1 
inductive activity was determined as described 
above by 72 hr treatment with a 1/20 dilution of 

20 each fraction in culture medium. 

Syndecan-1 inductive activity (fractions 
,13-15) from the cation exchange chromatography were 
applied to a C4 reversed phase column (4.6 x 250 mm 
Vydac, Hesperica, CA) and eluted with an 

25 acetonitrile gradient in 0.1% trif luoracetic acid. 
Eluted fractions (1 ml) were lyophilized, 
redissolved in 25 /il PBS, and syndecan-1 inductive 
activity determined as described above by 72 hrs 
treatment with a 1/30 dilution of each fraction in 

30 culture medium. 

The activity appeared to be cat ionic as it 
was retained on a cation exchange column at 0.2 M 
NaCl and eluted at high salt concentrations in a 
broad peak between 0.65 and 0.8 M NaCl. The 

35 activity present in this fraction was abolished by 
both trypsin digestion (20 /xg/ml, 37 °C for 30 min) 
and heat (56 °C for 30 min) , suggesting that it was 
associated with protein. 
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Active fractions from the cation exchange 
chromatography (fractions 13-16) were adsorbed on a 
C4 reverse phase HPLC column equilibrated with 5% 
acetonitrile in 0.1% trif luoracetic acid and eluted 
5 in an acetonitrile gradient. The activity eluted 
reproducibly in two sharp peaks at 33% and 39% 
acetonitrile. These fractions represent a 700 to 
1000-fold purification from crude wound fluid with 
a yield of 1 to 2% of the original activity. 

10 This fraction was analyzed directly by 

PAGE, mass spectrometry, and amino acid sequencing. 
Both PAGE and mass spectroscopy were consistent 
with a highly purified peptide of mass about 4708 
Da, indicating a peptide of about 39 amino acids. 

15 Sequencing established the N- terminal 36 amino 
acids unequivocally without detection of minor 
sequences, Seq. ID No. 1, Arg Arg Arg Pro Arg Pro 
Pro Tyr Leu Pro Arg Pro Arg Pro Pro Pro Phe Phe Pro 
Pro Arg Leu Pro Pro Arg lie Pro Pro Gly Phe Pro Pro 

20 Arg Phe Pro Pro Arg Phe Pro. The sequence is 

identical with the N-terminal 36 amino acids of PR- 
39, a proline- and arginine-rich 39 amino acid 
peptide previously found in pig intestine, as 
described in PCT W092/22578 by Lee, et al . 

25 Although known to have antibacterial activity, the 
peptide has not previously been associated with 
mesenchymal cells or interactions with eucaryotic 
cells . 

Example 6: Demonstration of syndecan-1 inducing 
30 activity of chemically synthesized PR- 

39. 

It was demonstrated that PR- 3 9 possesses 
syndecan inductive activity by treating NIH-3T3 
cells with media containing synthetically prepared 
35 PR-39, as shown by Figures 3 A and 3B. PR- 3 9 was 
synthesized by Chiron mimotopes peptide systems 
(San Diego, CA) and purity analysis performed by 
RP-HPLC and mass spectrometry. The peptide was 
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found to be 96% pure by RP-HPLC with a molecular 
weight of 4721.1. The lyophilized powder was 
dissolved in 25% acetonitrile, 0.1% TFA, aliquoted 
for the indicated concentrations, lyophilized and 
reconstituted in culture media. Cells were exposed 
to PR- 3 9 in culture medium for 43 hours prior to 
determination of cell surface syndecan-1 levels by 
ELISA . Open boxes represent synthetically prepared 
PR-39, closed triangles represent structurally 
derived and purified PR-39. Data represent the 
mean of triplicate determinations ± SD of a single 
experiment representative of two experiments. 

Cell surface syndecan-1 was induced by 
synthetic PR-39 in a concentration dependent 
manner, thereby demonstrating that syndecan-1 
induction is due to PR-39 and not to undetected 
trace contaminants present in the preparation from 
wound fluid. 

The results presented here demonstrate that 
an antibacterial peptide, PR-39, is in the fluid 
recovered from skin wounds and that it enhances the 
expression of cell surface syndecan-1 on 
mesenchymal cells. These findings are unexpected 
because such antimicrobial peptides were both not 
known to exist in the wound environment and not 
known to influence the selective expression of cell 
surface proteoglycans. 

In mammals, other antimicrobial peptides 
have been shown to be weakly mitogenic and affect 
cell viability, ACTH-responsiveness, plasma 
membrane potential and promote wound healing. The 
finding of syndecan-1 induction by a peptide with 
antimicrobial activity suggests that membrane 
permeating peptides function as signaling molecules 
in complex cellular behaviors. 



22 

Example 7: Uptak and binding characteristics of 

PR-39, Effect on Cell Permeability and 
Morphology. 

The uptake and binding of PR-39 was 
demonstrated as follows. PR-39 was iodinated using 
the Iodogen procedure (Pierce T) . The influx and 
efflux kinetics were calculated, accessable 
compartments were evaluated, and total uptake 
measured in NIH-3T3 cells. 

The results are shown in Figure 4 and show 
that the peptide, of a size not normally taken up 
by intact cells, rapidly associates with and enters 
NIH-3T3 cells. 

Cell permeability after PR-3 9 treatment was 
then measured. NIH-3T3 cells were cultured to 
confluence on chamber slides. 0, 0.1, 0.5, 1, and 
10 /xM PR-39 was added to the culture medium and 
incubated 60 minutes at 37°C; then 50 fig/ml propium 
iodide <FW 688) was added. A 2/20X field of 
fluorescent cells shown with PR-39, 100% 
(approximately 50/20X) with 0.1% Triton™ showed no 
large perability changes in the membrane. 

To determine the effect on cell morphology, 

NIH-3T3 cells were cultured to confluence on 

coverslips in 24 well plates. 2 m m PR-39 was added 

the medium and cultured for 72 hr. 2% PFA and 

acetone were used to fix cells and cells were 

stained with f-actin with rhodamine phalloidin. No 

change in cell morphology was detected. 

Example 8: Inhibition of Syndecan-1 and -4 

expression with peptides other than 
PR-39. 

Proline-rich antimicrobial peptides were 
compared to mouse antimicrobial peptide related 
only in pre -pro peptide sequence to determine if 
they induced syndecan-1 and/or syndecan-4. 
Peptides were placed into culture with either human 
microvascular endothelial cells and assayed for 
syndecan-4 induction, or NIH-3T3 cells and assayed 
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for syndecan-1 induction. Cell surface expression 
of syndecan-1 was assayed as described in Gallo et 
al, Proc. Natl. Acad. Sci . USA 91:11035-11039 
(1994) . Syndecan-4 was assayed based on a 
modification of this assay using monoclonal 
antibody 5G9 specific to the extracellular domain 
of human syndecan-4. The responding cell line for 
this assay was human microvascular endothelial 
cells prepared as previously described in 
Hettmannspenger et al, Arch. Derm. Research 
285 (6) :347-351 (1993). All experiments were 
performed at a final peptide concentration of 20 
lM. Four peptides were tested: Bac-5, Bac-7, and 
mouse antimicrobial. 

The results are shown in Table 1. The 
antimicrobials related by proline and arginine-rich 
domains, PR-39, Bac-5, and Bac-7, induce syndecans. 

Table 1: SYNDECAN-1 and -4 INDUCTION 

Peptides inducing Syndecan-1 and -4 

PR- 3 9 RRRPRPPYLP RPRPPPFFPP RLPPRIPPGF PPRFPPRFP 

(Sequence ID No. 1) 
Bac-5 RFRPPIRRPP IRPPFYPPFR PPIRPPIFPP IRPPFRPPLG 

PFP (Sequence ID No. 2) 
Bac-7 RRIRPRPPRL PRPRPRPLPF PRPGPRPIPR PLPFPRPGPR 

PIPRPLPFPR PGPRPIPRP (Sequence ID No. 3) 
Peptides not inducing Syndecan-1 and -4 
mouse antimicrobial 

GLLRKGGEKI GEKLKKIGQK IKNFFQKLVP QPE 

(Sequence ID No. 4) 

The extent of increase in the amount of 
syndecan-1 was also measured. NIH 3T3 were 
cultured with 20 fiM Bac 7 peptides for 72 hr prior 
to the EL ISA assay for cell surface syndecan-1. 
Data are means of triplicates and represent 
increase over control cells incubated with media 
alone. The results are shown in Table 2. 
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Tabl 2: Increase in Syndecan-1 induced by 

peptide fragments of Bac-7. 



BAC-7 INCREASE IN 

AMINO ACIDS SYNDECAN-1 

1-13 RRIRPRPPRLPRP 0% 
1-18 RRIRPRPPRLPRPRPRPL 250% 
1-23 RRIRPRPPRLPRPRPRPLPFPRP 230% 
5-23 PRPPRLPRPRPRPLPFPRP 10% 



15-42 PRPLPFPRPGPRP I PRPLPFPRPGPRP I 

0% 

The results demonstrate that peptide 
fragments of Bac-7 including amino acids 1-18 are 
sufficient for induction of syndecan-1 on NIH 3T3. 
Example 9: Inhibition of Cell Proliferation. 

The effect of the antimicrobial peptides on 
cell proliferation was then tested- Mouse lymphoid 
endothelial cells (SVEC) were cultured with 
synthetic peptides for 24 hours. Either Bac-7 or 
PR-39 were added at concentrations from 0 to 20 fM 
peptide. Cultures were then labeled with 1 
/zCi/well 3 H thymidine for 6 hours prior to 
determination of thymidine incorporation by 
automated cell harvesting and liquid scintillation 
chromatography . 

The results are shown in Figure 5. 
Proliferation of endothelial cells was inhibited by 
addition of PR-39 and Bac-7. 

Example 10: Effect of Antimicrobials as compared 

to cytokines on syndecan-4 expression 
on cell surfaces. 

Human microvascular endothelial cells were 

assayed for syndecan-4 expression as described in 

Example 8, following exposure to 5% wound fluid, 

dbcAMP (1 mM) , mouse homolog (10 fM) , BAC-7 (10 

/iM) , PR-39 (10 /xM) , TNF-a (10 ng/ml) , VEGF (10 

ng/ml) , or PDGFAA (100 ng/ml) . 
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The results are shown in Figure 6. Bac-7 
was the most potent inducer of Syndecan-4, with 
wound fluid, dbcAMP, and PR-39 being equally 
potent. The other growth factors or cytokine (TNF- 
5 ot) were not particularly effective. 

Modifications and variations of the methods 
and compositions described herein will be obvious 
to those skilled in the art from the foregoing 
detailed description and are intended to come 
10 within the scope of the appended claims. 
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(2) INFORMATION FOR SEQ ID NO:l: 
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(A) LENGTH: 39 amino acids 
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(xi) SEQUENCE DESCRIPTION: SEQ ID NO:l: 

Arg Arg Arg Pro Arg Pro Pro Tyr Leu Pro Arg Pro Arg Pro 
Pro Pro 

15 10 

15 

Phe Phe Pro Pro Arg Leu Pro Pro Arg He Pro Pro Gly Phe 
Pro Pro 

20 25 30 



Arg Phe Pro Pro Arg Phe Pro 
35 

(2) INFORMATION FOR SEQ ID NO:2: 

(i) SEQUENCE CHARACTERISTICS: 

(A) LENGTH: 43 amino acids 

(B) TYPE: amino acid 
(D) TOPOLOGY: linear 

(xi) SEQUENCE DESCRIPTION: SEQ ID NO: 2: 

Arg Phe Arg Pro Pro He Arg Arg Pro Pro He Arg Pro Pro 

Phe T s 10 15 

Pro Pro Phe Arg Pro Pro He Arg Pro Pro He Phe Pro Pro 
He Arg 
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20 25 30 

Pro Pro Phe Arg Pro Pro Leu Gly Pro Phe Pro 
35 40 
(2) INFORMATION FOR SEQ ID NO: 3: 

(i) SEQUENCE CHARACTERISTICS: 

(A) LENGTH: 59 amino acids 

(B) TYPE: amino acid 
(D) TOPOLOGY: linear 

<xi) SEQUENCE DESCRIPTION: SEQ ID NO: 3: 

Arg Arg lie Arg Pro Arg Pro Pro Arg Leu Pro Arg Pro Arg 
Phe Arg 

15 10 15 

Pro Leu Pro Phe Pro Arg Pro Gly Pro Arg Pro lie Pro Arg 
Pro Leu 

20 25 . 30 

Pro Phe Pro Arg Pro Gly Pro Arg Pro lie Pro Arg Pro Leu 
Pro Phe 

35 40 45 

Pro Arg Pro Gly Pro Arg Pro lie Pro Arg Pro 
50 55 
(2) INFORMATION FOR SEQ ID N0:4: 

(i) SEQUENCE CHARACTERISTICS: 

(A) LENGTH: 33 amino acids 

(B) TYPE: amino acid 
(D) TOPOLOGY: linear 

(xi> SEQUENCE DESCRIPTION: SEQ ID N0:4: 

Gly Leu Leu Arg Lys Gly Gly Glu Lys lie Gly Glu Lys Leu 
Lys Lys 

15 10 15 

lie Gly Gin Lys He Lys Asn Phe Phe Gin Lys Leu Val Pro 
Gin Pro 

20 25 30 

Glu 
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We claim: 

1. A method for modulating mesenchymal cell 
interactions comprising administering to the cells 
an amount of synducin effective to alter syndecan-1 
expression on the mesenchymal cells. 

2 . The method of claim 1 wherein the synducin 
specifically induces expression of syndecan-1 and 
syndecan-4 . 

3 . The method of claim 1 wherein the synducin 
is administered in a dosage equivalent to between 
0.1 and 1.0 micromolar for systemic administration 
and between 0.2 and 5.0 micromolar for topical 
administration, 

4 . The method of claim 1 wherein the synducin 
is selected from the group consisting of PR-39, 
Bac-5, the first 18 amino acids of Bac-7 f and 
pharmaceutically effective amounts thereof. 

5. The method of claim 1 wherein the synducin 
is administered in a pharmaceutical carrier 
suitable for topical administration to a wound in 
an amount effective to promote wound healing. 

6 . The method of claim 1 wherein the synducin 
is administered to a tumor in an amount effective 
to inhibit metastasis of the tumor. 

7. The method of claim 1 wherein the synducin 
is administered in an amount effective to inhibit 
restenosis. 

8 . The method of claim 1 wherein the synducin 
is administered to patient with ischemic tissue 
damage in an amount effective to treat ischemic 
tissue damage. 

9. The method of claim 1 wherein the synducin 
is administered in an amount effective to induce 
angiogenesis at a site in need thereof. 

10. The method of claim 1 wherein the synducin 
is administered in an amount effective to induce 
proliferation of endothelial cells. 
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11. A composition for modulating mesenchymal 
cell interactions comprising synducin in a 
pharmaceutical carrier for systemic administration 
at a concentration between 0.1 and 1.0 micromolar 
or for topical administration at a concentration 
between 0.2 and 5.0 micromolar. 

12. The composition of claim 11 further 
comprising stabilizers of the synducin biological 
activity. 

13 . The composition of claim 11 formulated for 
systemic administration. N 

14. The composition of claim 11 wherein the 
peptides are stabilized to increase in vivo half- 
life. 

15. The composition of claim 11 formulated in a 
polymeric delivery composition. 

16. The composition of claim 11 wherein the 
synducin is selected from the group consisting of 
PR-39, Bac-5, the first 18 amino acids of Bac-7, 
and pharmaceutical^ effective amounts thereof. 
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